We report the finding of a novel grain-boundary structural phase transition in both moleculardynamics and phase-field-crystal simulations of classical models of bcc Fe. This transition is characterized by pairing of individual dislocations with mixed screw and edge components. We demonstrate that this type of transition is driven by a combination of factors including elastic-softening, core interaction and core disordering. At high homologous temperatures the occurrence of this transition is shown to prevent premelting at misorientation angles where it would otherwise be expected.
PACS numbers:
The properties of polycrystalline materials are often strongly influenced by processes occurring at internal grain-boundaries (GBs). These processes themselves are known to be strongly influenced by the details of GB interfacial atomic structure. Due to its broad importance, theoretical, computational and experimental studies of GB structure have been pursued for several decades [1] . These studies have established that GB structures at low temperatures (T ) are generally characterized by multiple metastable energy minima, corresponding, for example, to different numbers of atoms and relative displacements of the grains [1] [2] [3] . At high T , GB structures can be even more complex, as different metastable minima can be sampled through thermal fluctuations, and these interfaces can undergo a variety of phase transitions involving, e.g., defaceting and roughening [4, 5] , premelting [6] , and solute-driven structural transformations [7] . This high-T behavior can have important consequences for properties relevant to materials processing, including GB mobility [5, 8] and shear strength [9, 10] .
From a fundamental viewpoint, GB structures are generally difficult to predict theoretically except in certain limits. One important limit is that of small misorientation angle (θ) between crystal grains where a GB consists of an array of well-separated dislocations interacting through the long-range elastic field. In a pioneering analysis, Read and Shockley (RS) derived from this picture a theoretical expression for the GB energy(γ GB ) [11] [12] [13] 
where −E 0 θ ln θ ≡ E E is the dominant elastic contribution to the energy of the array of GB dislocations, while E 0 Aθ ≡ E C accounts for core effects and subdominant elastic contributions. In this Letter we show how an interplay of E C and E E can lead to a novel GB phase transition involving a change in dislocation character. Specifically, we use molecular-dynamics (MD) and phase-field-crystal (PFC) simulations to explore the structure of high-T [100] symmetric tilt GBs for classical models of body-centered-cubic (bcc) Fe, over a wide range of θ. This study reveals the existence of a GB structural transition, illustrated in Fig. 1(a) and (b), involving pairing of GB dislocations with mixed screw/edge character to form pure edge dislocations. At high T the pairing transition tends to prevent the formation of a uniform thin liquid-like layer, which is the hallmark of GB premelting. We develop a theoretical interpretation of this transition within the framework of Eq. (1), which sheds light on its physical origin and provides a basis for predicting its occurrence in other crystal structures. For example, we explain the observation of pairing of edge dislocations in a recent PFC study of two-dimensional [14] (see supplemental material [15] ). Red (blue) atoms have disordered (ordered) local atomic environments. In (a) the atoms away from the boundary on one side are further from the viewer by half the interplanar distance [15] .
hexagonal crystals [16] .
In the MD simulations we considered the classical potential for bcc Fe given in Ref. [17] . We begin by identifying the low-energy, zero-temperature GB structures as a function of θ, employing the minimization procedure described in [15] . For θ lower than θ c ≈ 21
• , the lowenergy structures are of the type illustrated in Fig. 1(a) , composed of "unpaired" GB dislocations with mixed edge/screw character and Burgers vectors that alternate between b = [111] a/2 and b = [111] a/2 along the GB length. At higher θ the stable structures are of the type shown in Fig. 1(b) , composed of "paired" dislocations that are purely edge in character, with b = [022] a/2. The zero-temperature energies for these two structures are plotted in Fig. 2(b) , and are observed to cross at θ c .
For θ below θ c we observe a thermally-induced transformation from the unpaired to the paired state upon heating in MD simulations. In Fig. 2 (a) the solid up triangles plot the values of T at which the transformation between the (low-T ) unpaired structure and (high-T ) paired structure are observed in these MD heating runs (an MD animation of the observed transition can be found in [15] ). The solid down triangle in Fig. 2 (a), for θ = 11.4
• , indicates the temperature at which the paired structure was observed to transform back to the unpaired structure in MD cooling runs starting from high T . This observation establishes the reversible nature of the pairing transition, and also highlights the strong hysteresis of the transition in the MD simulations. For the other θ values considered unpairing was not observed on cooling, presumably due to sluggish kinetics.
The thermally-induced structural transition observed in the MD simulations corresponds to a coalescence of GB dislocations according to the reaction:
To understand the driving force for this transition we begin by using Eq. (1) and explore predictions based solely on elastic softening at high temperature. Specifically, we investigate whether the T dependence of E 0 is sufficient to stabilize the paired instead of the unpaired structure at high T . For the observed dislocations the elastic prefactors E 0 in Eq. (1) are [11, 12] :
for the [022] a/2 pure edge dislocations, and
for the alternating [111] a/2 and [111] a/2 dislocations, where c ij are the elastic moduli and b is the magnitude of the relevant Burgers vector. Using these expressions together with c ij (T ) values calculated from T = 0 K to the melting point (T M ) by MD [15] , the elastic prefactor is always larger for paired than unpaired structures. The ratios E paired 0
(T ) range from 1.3 at T = 0 K to 1.14 at T M . Thus pairing would not be favorable from consideration of E E alone. Hence E C , which reflects core effects and subdominant elastic contributions, must favor the paired state relative to the unpaired state.
In analyzing E C we note that previous experimental and theoretical work [12, 18, 19] suggest that the parameter A in Eq. (1) is unlikely to be constant over the range of θ studied here. We therefore proceed by allowing A to be a function of θ:
For fixed θ, Eq. (7) then gives:
From the computed zero-temperature GB energies (γ GB (T = 0)) for both paired and unpaired structures plotted in Fig. 2(b) , we use Eq. (8) to predict the pairing transition temperature at which the two structures have equal free-energies. It should be emphasized that Eq. (8) predicts a pairing transition because the T dependence of the c ij that determine E 0 through Eqs. (3)- (6) is such that E 0 decreases more rapidly for the paired structure with increasing temperature than for the unpaired structure. In particular, the ratios c 11 /c 44 and c 12 /c 44 are strongly T dependent for the Fe potential used here [15] . Note that by using the MD-calculated values of γ GB (T = 0) in Eq. (8), we account for the changes in γ GB arising from the θ dependence of A [15] . The results in Fig. 2(a) show that the transition temperature predicted by Eq. (8) with E 0 (T ) from Eqs. (3)-(6) agrees remarkably well with the temperature at which pairing is observed in MD heating simulations. The pairing transition temperature increases with decreasing θ, consistent with the predictions of Eq. (8) and the expectation that the transition would not occur for very low θ where E E is dominant. That E C favors the paired state is clearly seen from the fact that the paired structure occurs even at T = 0 K for θ above θ c ≈ 20
• . It is important to emphasize that the pairing transition shows strong hysteresis in the MD simulations, with the homologous temperature where pairing was observed for the θ=11.4
• GB being 0.9, and the unpairing on cooling being 0.6. The pairing transition temperatures predicted by Eq. (8) are essentially equal to the upper bounds for the pairing transition in MD. The temperatures at which the paired and unpaired structures have equal free energies could be smaller than predicted by Eq. (8) (i.e., with a homologous temperature between 0.6 and 0.9 for the θ=11.4
• GB). However, we cannot determine the difference between the upper bound and true transition temperatures from the MD simulations. We expect that any such difference would primarily be due to an effect neglected in Eqs. 7 and 8: additional temperature dependence of E C arising from a T dependence of A. Physically, such a T dependence can arise from disordering of the dislocation cores, as we discuss next.
To gain further insights into the driving forces underlying the pairing transition we made use of a PFC model [20] that favors bcc ordering in three dimensions, with model parameters previously determined for Fe with input from MD [21] . We observe for this PFC model a qualitatively identical hysteretic pairing transition as in MD, characterized by Eq. (2), as shown in Fig. 3 . A crucial difference from the MD, however, is that the ratios c 11 /c 44 and c 12 /c 44 are nearly independent of temperature in the PFC model over the entire hysteresis range (the variation being on the order of a percent), even though the magnitudes of the individual c ij do decrease with increasing T . Consequently, Eq. (8) is unable to predict the observed pairing transition in the PFC model. Within the framework of Eq. (7), the PFC transition can only be explained through an explicit temperature dependence of A; the A parameter must be lower at high T for the paired relative to the unpaired structure, presumably due to the more extended localized core disordering seen in Fig. 3 (a similar difference in the extent of core disordering in the paired and unpaired structures is also seen in MD in Fig. 1 ). As can be seen in Fig. 2 , the transition temperature extracted from direct computations of the GB free energies in the PFC model is much closer to the upper than the lower bound of the hysteresis range. If the same holds true in MD, the effect of differential reduction in γ GB with T arising from core disordering between the paired and unpaired structures would be a smaller effect than the T -dependence of the c ij ratios, since the latter already accounts rather well for the values of the upper bound of the hysteresis range in MD.
The understanding of the factors underlying the pairing transition derived from MD and PFC allows us to conclude that it can be generally driven by elastic softening, core interactions, and core disordering, with the relative importance of each effect being system dependent. It also allows us to explain the previous observation of pairing of pure edge dislocations in PFC simulations of 2D hexagonal bicrystals [16] as being likely due to core disordering, since there the unpaired structure is always favored over the paired one in the limit of vanishing misorientation from consideration of E E alone. Pairing in those 2D simulations was observed for symmetric tilt boundaries where each crystal is rotated ±θ/2 from a closed packed plane and E paired 0 /E unpaired 0 = 3/2 independent of T [15] .
To give an example of the potential importance of the pairing transition found in this study, we consider the thermodynamic competition between the different structures illustrated in Fig. 1 . Consider first the high-angle (θ = 36.9
• ) GB in Fig. 1(c) , which features a "premelted" interfacial layer at T close to T M (shown at 5 K below T M in this case). Such interfacial premelting is expected to occur when:
where γ SL denotes the excess free energy of the solidliquid interface, and γ GB (T M ) is the free energy of a non-premelted GB at the melting point. Importantly, γ GB (T M ) can be significantly lower than the correspond- Fig. 1(a) and [15] .) ing value at T = 0 K. Previous work [16, 22] suggests that reasonable estimates for γ GB (T M ) can be obtained using an elastic-softening correction, involving multiplication of γ GB (T = 0K) by the ratio of an appropriate product of lattice constant and elastic moduli at T M and T = 0K. In this work we use Eq. (8) to implement this correction. The resulting values provide an estimate of γ GB (T M ) for a GB with the ordered, zero-temperature interfacial structure preserved up to T M .
A comparison of predicted and observed GBs that premelt is shown in Fig. 4 , where GBs that do not show premelting in MD are indicated by circles. For Fe boundaries with normals near [001] (θ near 90
• ), the critical θ for premelting seen in MD agrees very well with the prediction based on Eq. (9) . For the boundaries with normals near [011] (small θ), non-premelted states are stable to values of γ GB (T M )/2γ SL significantly greater than one, based on the elastic-softening estimate of γ GB (T M ). In this case the dislocation-pairing transition lowers the free energy of the non-premelted state of the GB below the value predicted by the elastic-softening correction. The pairing transition is thus responsible for the observed enhanced stability of the non-premelted states at higher θ.
The effects on GB properties resulting from premelting have been discussed extensively, and include enhanced GB diffusion rates [23] [24] [25] , and pronounced reductions in the resistance to shear [9, 10] . The fact that the pairing transition delays premelting to higher misorientation angles is thus potentially significant. For example, the ordered regions of the GB between the disordered cores that are present in the paired state (see Fig. 1 . The vertical axis plots γGB/2γSL, where γGB is estimated based on the elastic-softening correction described in the text. GBs above (below) the horizontal line are predicted to premelt (not to premelt). Predictions are compared to MD results, where squares and circles represent GBs that are observed to premelt or not in MD, respectively; diamonds correspond to GBs for which premelting behavior could not be unambiguously determined.
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